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Abstract: We tested the applicability of the carbon isotopic composition of C37:2 alkenones (δ13C37:2)
as a proxy for dissolved carbon dioxide CO2(aq) in oceanic surface waters. For this purpose we
determined δ13C37:2 in suspended particulate organic matter (POM) and surface sediments from the
South Atlantic. In opposite of what would be expected from a diffusive CO2 uptake model for marine
algae we observed a positive correlation between 1/[CO2(aq)] and the isotopic fractionation (εp)
calculated from δ13C37:2. This clearly demonstrates that CO2(aq) is not the primary factor controlling
εp at the sites studied. On the other hand we found a negative correlation between εp and the
phosphate concentration in the surface waters (0-10 m) supporting the assumption of Bidigare et al.
(1997) that εp is primarily related to nutrient-limited algal growth rather than to [CO2(aq)].
Reconstructing past CO2(aq) levels from δ13C37:2 thus requires additional proxy information in order
to correct for the influence of haptophyte growth on the isotopic fractionation. In the eastern
Angola Basin, we previously used δ15N of bulk organic matter as proxy for nutrient-limited growth
rates. As an alternative the Sr/Ca ratio of coccoliths has been recently suggested as growth-rate
proxy which should be tested in future studies.
Introduction
From air trapped in the Vostok ice core (Antarc-
tica) it is well known that the concentration of at-
mospheric carbon dioxide (CO2) varied during the
past 420,000 years in concert with late Quaternary
climatic cycles (Petit et al. 1999). CO2 is one of
the so-called greenhouse gases controlling the glo-
bal heat budged and there is growing evidence that
the increase in the atmospheric CO2 level observed
since the beginning of the 19th century is contrib-
uting to world wide warming (e.g. Crowley 2000).
However, predictions of future changes of Earth's
climate are difficult since the relationship between
atmospheric CO2 and long-term climatic cycles is
very complex and poorly understood (Stouffer et al.
1994).
Atmospheric CO2 levels depend on the balance
of CO2 between the world's oceans and terrestrial
ecosystems. To a first approximation, equatorial
regions of the modern ocean are supersaturated in
CO2 with respect to the atmosphere while sub-po-
lar regions approach air-sea equilibrium and polar
regions are undersaturated (Feely et al. 2001). To
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define better the mechanisms by which oceanic and
atmospheric levels of CO2 have changed over geo-
logical time scales, paleoceanic sources and sinks
of carbon dioxide must be delineated. Therefore
paleo-indicators (proxies) for past CO2 concentra-
tions in the surface oceans are required.
Empirical relationships between the carbon iso-
topic composition of suspended organic matter
(δ13Corg) and the concentration of dissolved carbon
dioxide ([CO2(aq)]) in oceanic surface waters im-
ply that δ13Corg of marine phytoplankton varies as
a function of ambient [CO2(aq)] (Degens et al.
1968; Rau et al. 1989, 1992; Francois et al. 1993;
Rau 1994; Fischer et al. 1997, 1998; Bentaleb et
al. 1998). Based on these observations it has been
suggested that the isotopic composition of sedimen-
tary organic carbon can be used as proxy for
[CO2(aq)] in ancient surface waters. Respective
paleoceanographic reconstructions of CO2 used the
isotopic composition of bulk sedimentary organic
carbon (Arthur et al. 1985; Fontugne and Calvert
1992; Müller et al. 1994; Bentaleb et al. 1996) as
well as of individual biomarker compounds such as
geoporphyrins (Popp et al. 1989) and long-chain
alkenones (e.g. Jasper et al. 1994; Andersen et al.
1999; Pagani et al. 1999).
However, recent laboratory and field experi-
ments as well as theoretical considerations indicate
that the isotopic fractionation (εp) of carbon during
photosynthesis, and consequently also the sedimen-
tary δ13C of organic matter, could also be influenced
by physiological processes and environmental fac-
tors such as active carbon uptake (e.g. Laws et al.
1997), direct bicarbonate utilisation (Burns and
Beardall 1987; Keller and Morel 1999), cell geom-
etry and membrane permeability (e.g. Popp et al.
1998; Burkhardt et al. 1999). Moreover, growth rate
and the growth rate limiting resources (e.g. tem-
perature, nutrient supply, irradiance) were recently
identified as additional factors (e.g. Bidigare et al.
1997, 1999; Riebesell et al. 2000a; Laws et al. 2001;
Gervais and Riebesell 2001; Benthien et al. 2002).
Popp et al. (1998) demonstrated that some of
the above mentioned factors can be evaded by using
the isotopic composition of C37 alkenones. This
biomarker is exclusive to haptophyte algae such as
the coccolithophorid Emiliania huxleyi and species
of the genus Gephyrocapsa (Volkman et al. 1989;
Volkman et al. 1995; Conte et al. 1995), which both
have a limited range in cell size and geometry. As-
suming that alkenone-producing algae assimilate
CO2 mainly by passive diffusion, the relation be-
tween εp and [CO2(aq)] can be expressed as fol-
lows (Jasper et al. 1994):
)]([ 2 aqCO
b
fp −= εε            (1)
where εf is the enzymatic fractionation during car-
bon fixation and b is an arbitrary, empirically derived
parameter accounting for all physiological factors
influencing the carbon isotope discrimination (e.g.
Rau et al. 1996).
Some laboratory and field studies have focused
on the isotopic fractionation in alkenone producing
algae and the δ13C signal of C37 alkenones (e.g.
Bidigare et al. 1997; 1999; Popp et al. 1999;
Riebesell et al. 2000b; Gonzales et al. 2001;
Benthien et al. 2002). The results of these studies
indicate that the fractionation of the C37:2 alkenone
depends not solely on ambient [CO2(aq)] but on a
variety of factors (for a recent review see Laws
et al. 2001). Bidigare et al. (1997) invoked that most
variations in εp result from variations in growth rate
related to nutrient availability rather than to
[CO2(aq)]. In their laboratory experiments they used
nitrate limited chemostat cultures with continuous
light and temperature conditions. This finding is
consistent with the results of Riebesell et al. (2000b)
who demonstrated by using N-repleted, light con-
trolled batch cultures, that the effect of [CO2(aq)]
on isotope fractionation in E. huxleyi is small com-
pared to potential changes of εp due to growth rate
variations and factors that affect the growth rate
(µ). However, considerable discrepancies were
found in absolute values of εp as well as in the slope
of εp vs. µ/[CO2(aq)]. Probably these discrepan-
cies are an effect of differences in the phytoplankton
culture conditions (for a detailed discussion about
the influence of culture experiment design see Laws
et al. 2001).
In the present paper, we summarize isotopic
results obtained from alkenones in the South Atlantic
within the scope of the Collaborative Research
Project 261 (Andersen et al. 1999; Benthien et al.
2002, and unpubl. data). In order to establish rela-
tionships between εp and environmental conditions
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characteristic for the present surface ocean, we
analysed suspended particulate organic matter
(POM) and surface sediment samples for the iso-
topic composition of C37:2 alkenones and compared
the results to CO2 and phosphate concentrations in
the overlying surface waters (0-10 m). In accord-
ance with literature data, our results indicate only
a weak effect of [(CO2(aq)] on εp and δ13Calkenones
but a strong influence of nutrient-related growth
rate. Finally, we compare late Quaternary paleo-
PCO2 reconstructions from the eastern Angola
Basin based on the isotopic composition of total
organic carbon (Müller et al. 1994) and C37
alkenones (Andersen et al. 1999) and discuss them
in the light of the new extended calibration results.
1) using a membrane pump situated at about 5 m
water depth at the front of the vessel. The filters
were stored at –18°C until analysis.
Alkenone Analysis
Detailed descriptions of analytical procedures can
be found elsewhere (Schneider et al. 1995; Müller
et al. 1998; Benthien and Müller 2000). Briefly,
alkenones were extracted from freeze-dried and
homogenised sediment with a UP 200H ultrasonic
disrupter probe using three successively less polar
mixtures of methanol and dichloromethane. For this
purpose filters with POM were cut into small pieces
after freeze drying. Thereafter the extracts where
purified by passing them over a silica gel cartridge
and then saponified to remove possibly interfering
esters. Alkenone unsaturation ratios were deter-
mined by gas chromatography.
The carbon isotopic analysis of C37:2 alkenones
was performed using a HP 5890 II gas chromato-
graph (GC) coupled via a combustion interface to
a Finnigan MAT 252 mass spectrometer (for ana-
lytical details see Andersen et al. 1999 and Benthien
et al. 2002). The isotopic composition of the C37:2-
alkenone was determined relative to PDB by com-
parison with co-injected n-alkanes (C34, C36, C37,
C38) and a standard gas (CO2) of known isotopic
composition. Generally each sample was measured




Sediment samples were collected during several
cruises of RV Meteor, RV Sonne, and R/V Victor
Hensen (Andersen et al. 1999; Benthien et al. 2002;
Fig. 1). Surface sediments were obtained using a
giant box corer and a multiple corer (Tab. 1), except
for site GeoB1016-3 where the surface sediment
sample was taken from the top of the gravity corer.
For the surface sediments a Holocene age was
confirmed by the occurrence of the planktonic
foraminifera Globorotalia menardii and/or by
δ18O and 14C measurements on fora-minifera (for
details see Benthien et al. 2002 and references
therein). The stratigraphy of gravity core
GeoB1016-3 is based on foraminiferal δ18O (Sch-
neider et al. 1995). After core recovery, subsamples
from gravity and giant box cores were taken using
plastic syringes (10 ml) and stored at 4°C until analy-
sis. The gravity core was re-sampled 6 years after
recovery for isotopic analyses on alkenones
(Andersen et al. 1999). Sediments collected by the
multiple corer were sectioned into 1 cm slices and
frozen at –18°C until analysis.
Particulate organic matter was obtained by fil-
tering 40 l of surface sea water through pre-
combusted Whatman GF/F (nominal pore size
0.7µm) glass-fibre filters. Water for filtering was
obtained aboard RV Meteor (cruise M46/3, Tab.
Surface Water CO2 and Nutrients
In contrast to other studies (e.g. Bidigare et al. 1997;
Popp et al. 1999) we did not determine the concen-
trations of CO2 and nutrients simultaneously with
the sampling of POM. Instead we used integrated
values of nutrients and CO2 available from data
collections or ocean atlases. Since core-top sedi-
ments in general represent at least a few hundred
years a comparison with annually integrated values
of surface water parameters is probably the best
approach.
Unfortunately, for CO2 no annually integrated
values are available. We therefore estimated the
partial pressure of CO2 in the surface waters
(PCO2) from numerous expeditions carried out in
the South Atlantic Ocean during different seasons
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Fig. 1. Map of the South Atlantic Ocean showing sample locations and main surface currents: open diamonds
represent locations of core top sediment, the black dot that of the gravity core GeoB1016-3 and filled diamonds
those of particulate organic matter filtered from the water column.
and years (Weiss et al. 1992; Groupe CITHER 1,
1994; Johnson et al. 1995, 1998; extracted from the
CDIAC (Carbon Dioxide Information Analysis
Centre, web-page: http://cdiac.esd.ornl.gov) and
converted the values into concentrations of dis-
solved carbon dioxide ([CO2(aq)]) applying Hen-
ry's Law (Fig. 2; Benthien et al. 2002). Pre-indus-
trial CO2(aq) concentrations were calculated in the
same manner after subtracting the industrial in-
crease of 70 ppmv (Takahashi et al. 1992). Such a
correction is probably not appropriate for areas
where strong upwelling of cold CO2-rich sub-sur-
face waters results in a distinct sea-air imbalance
(e.g. Tans et al. 1990). Consequently the modern
anthropogenic CO2 increase has no significant in-
fluence on the surface water PCO2 in such regions
(Lee et al. 1997). Therefore, we did not correct the
CO2(aq) concentrations for the anthropogenic in-
fluence at core sites of the Angola and Benguela
upwelling cells (Fig. 1). This problem was discussed
in detail by Benthien et al. (2002). Finally, average
CO2(aq) concentrations were computed for each
sample location (Fig. 2, Benthien et al. 2002) using
the Kriging method (Davis 1986).
The annual mean concentration of phosphate in
the surface water (0-10 m) at each location was
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Table 1. Isotopic composition and fractionation data (both in ‰) of the C37:2 alkenone determined in South Atlantic
particulate organic matter (POM) and core top sediments. Data marked with * are from Andersen et al. (1999) and
data marked with # are from Benthien et al. (2002). Data for POM are from this study. Sea-surface temperature (in °C)
for the core tops are derived from alkenone analyses [ '37KU , Müller et al. 1998; Benthien and Müller 2000] applying
the calibration of Prahl et al. 1988. Sea-surface temperature of POM samples are measured at sample station. Also
given are the calculated concentrations of surface water carbon dioxide (Benthien et al. 2002) as well as the surface
water concentration of phosphate (Conkright et al. 1994 extracted from the web site: http://ferret.wrc.noaa.gow/
fbin/climate_server).
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Fig. 2. Modern surface-water concentration of CO2(aq) in the equatorial and South Atlantic Ocean. Concentra-
tions were calculated from surface water partial pressure of carbon dioxide measured continuously during several
expeditions (Weiss et al. 1992, Groupe CITHER 1 1994; Johnson et al. 1995, 1998). The tracks of this expeditions are
indicated as solid thick lines. Single locations of measurements are shown as crosses. [CO2(aq)] isolines were
created with the Kridging method (redrawn from Benthien et al. 2002).
obtained from the World Ocean Atlas 1994 (http:/
/ferret.wrc.noaa.gov/fbin/climate_server;
Conkright et al. 1994).
δp = δC37:2 + εalkenone (1+ 1000
2:37Cδ
)  (3)
δd was calculated from δΣCO2 following the
equation of Rau et al. (1996) based on Mook et al.
(1974):
δd = δΣCO2 + 23.644 - T
5.9701
 (4)
where T is the temperature in Kelvin. Tempera-
tures for sediment samples were obtained from the
alkenone unsaturation index ( '37KU ) using the calibra-
tion of Prahl et al. (1988). For POM samples di-
rectly measured temperatures were available. For
both sample types we assumed a constant pre-in-
dustrial δΣCO2-value of 2.5‰ (Kroopnick 1985). In
core GeoB1016-3 δΣCO2 was calculated from the
δ13C record of the surface-dwelling planktonic
foraminifer Globigerinoides ruber (pink)
(Andersen et al. 1999). The tests of G. ruber are
depleted in 13C relative to the isotopic composition
Calculation of εp
The isotopic fractionation εp of alkenones associ-
ated with photosynthetic fixation of carbon was
calculated using the following equation (Freeman
and Hayes 1992), where δd is the isotopic compo-
sition of dissolved carbon in CO2(aq) and δp that
of photosynthate carbon:






- 1) 1000  (2)
δp was derived from the isotopic composition of
C37:2 alkenones and corrected for the compound-
specific fractionation εalkenone between the C37:2
alkenones and the biomass of alkenone-producing
organisms. We adopted 4.2‰ as the value for
εalkenone (Popp et al. 1998):
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of total dissolved CO2. To consider this we assumed
an offset of 0.5‰ (Fairbanks et al. 1982; Curry and
Crowley 1987). Based on propagating error calcu-
lations Andersen et al. (1999) determined an ab-
solute error of +/-0.42‰ for the calculation of εp.
properties (upper 10 m) to "calibrate" the alkenone
δ13C signal in POM and surface sediments.
In the low to mid latitude South Atlantic δ13C37:2
values for the POM range from –29.7‰ to
– 21.8‰ and for surface sediments from -25.8‰
to –22.5‰. The corresponding εp-values (calcu-
lated from equation 1) range from 8.5‰ to 15.8‰
and 11.5‰ to 15.7‰, respectively (Tab. 1). Fig-
ure 3a shows the relationship between εp of the
C37:2-alkenone and the reciprocal of [CO2(aq)]. If
the concentration of [CO2(aq)] was the major fac-
tor controlling the carbon isotopic fractionation of
the C37:2 alkenone, a negative correlation between
εp and the 1/[CO2(aq)] would be expected (e.g. Rau
et al. 1992, Eq. 1). Instead, a positive, but not iden-
tical relationship is observed for both, the POM and
core top sediments (Fig. 3a; R = 0.72 and R = 0.77,
respectively). This result is in accordance with the
relationship between εp of alkenones and 1/
[CO2(aq)] found by Popp et al. (1999) in POM of
the Southern Ocean and indicates that isotopic
fractionation in alkenones is influenced by factors
other than [CO2(aq)].
In spite of these regionally observed correlations
between εp and 1/[CO2(aq)] (this study; Popp et
al. 1999), no general relationship between both
parameters is apparent if additional literature data
are considered (Fig. 3b, Laws et al. 2001). This also
implies that factors other than [CO2(aq)] influence
the isotopic fractionation.
In the case of taxon-specific biomarkers such
as alkenones the effects of variation in cell size and
membrane permeability are accounted to be rela-
tively small (e.g. Bidigare et al. 1997; Popp et al.
1998), especially for core-top sediments which typi-
cally represent at least a few hundred years. A
constant value for the maximum fractionation εf
attributed to enzymatic carbon fixation can also be
assumed, since it is likely to be species-dependent
(Bidigare et al. 1997) and thus not a problem for
taxon-specific biomarkers. We adopted a value of
25‰ which was reported from culture experiments
of two different strains of E. huxleyi (Bidigare et
al. 1997). In addition, variations of growth rate and
the growth rate influencing factors (e.g. Riebesell
et al. 2000a; Gervais and Riebesell 2001) as well
as different carbon acquisition mechanisms and
inorganic carbon sources (i.e. CO2 and HCO3
-)
Results and Discussion
Modern Situation (Attempt of Calibration)
Since laboratory data cannot perfectly mimic natu-
ral environments, which undergo changes in physi-
cal (e.g. temperature, mixing), chemical (e.g. ma-
jor and trace nutrients) and biological (e.g. grazing
pressures, species competition) processes, extrapo-
lation to the field must be done with caution (Laws
et al. 2001). In addition, laboratory and water col-
umn studies cannot completely imitate the sum of
environmental conditions and physiological proc-
esses which may influence the sedimentary isotopic
signal of alkenones. Therefore it is necessary to test
hypotheses like the potential of an influence of
CO2(aq) concentrations on the fractionation of
C37:2 alkenones also by sediment-based studies.
Such a calibration requires knowledge of the
water depth were the δ13C signal of alkenones
(δ13C37:2) was produced. Hapthophytes use sun-
light for photosynthesis and thus live in the photic
zone. Dependent on suspended particles in the
water column, the photic zone depth varies from
about 20 m in eutrophic to about 120 m in
oligotrophic regions (Morel and Berthon 1989;
Longhurst 1993). Our core-top studies in the South
Atlantic showed that for most hydrographic regions
the best correlation between the sedimentary ´37KU
signal and sea-surface temperature (SST) is ob-
tained when modern atlas values from 0-10 m water
depth are used (Müller et al. 1998; Benthien and
Müller 2000). It was further demonstrated that
seasonal changes in primary production had only a
negligible effect on the sedimentary ´37KU  signal in
this region (Müller et al. 1998). Recent sediment
trap studies from the tropical-subtropical eastern
Atlantic also suggest that ´37KU  principally records
the annual average of mixed-layer temperature in
this region (e.g. Müller and Fischer 2001; PJ Müller
unpubl. data). We therefore used surface water
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Fig. 3. a) Carbon isotopic fractionation (εp) of the C37:2 alkenone determined in particulate organic matter (POM;
open circles) and core top sediments (filled squares) from the South Atlantic in relation to 1/[CO2(aq)]. b) Relation-
ship between εp and 1/[CO2(aq)] in POM (this study and literature data (Laws et al. 2001)) and core top sediments
(this study). Linear regression of all data (n = 145) yields no significant correlation (R = 0.12).
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may further influence the isotopic fractionation of
alkenones (Rau et al. 1996; Keller and Morel 1999;
Gonzales et al. 2001; Benthien et al. 2002).
The εp values of C37:2 alkenones in POM and
surface sediments of the South Atlantic correlate
well with ambient surface water concentrations of
phosphate which is in accordance with results of
Popp et al. (1999) and Andersen et al. (1999). Both
POM and surface sediments exhibit a negative
relationship between εp and surface water phos-
phate, but the correlations have different intercepts
and slopes (Fig 4a). A compilation of all currently
published εp values of C37:2 alkenones from POM
together with the data of the present study reveals
only a weak negative correlation (R = 0.46) be-
tween εp and the surface water phosphate concen-
tration (Fig. 4b). Bidigare et al. (1997) pointed out
that for environments with non-zero concentrations
of phosphate the growth rate of alkenone-produc-
ing algae is linearly related to [PO4
3-]. Based on a
predictive model, Rau et al. (1996) proposed, that
εp decreases with increasing growth rates. Appar-
ently, the variations of εp observed in Figure 4b are
related to variations in growth rate. When the
growth rate increases, the diffusive CO2 flux
through the cell membrane decreases relative to
carbon fixation. At first, due to the discrimination
against 13C, more 12C is consumed. This subse-
quently leads to an enrichment of the internal car-
bon pool in 13C, which is then consumed by carbon
fixation. As a result of this mechanism, δ13C37:2
values increase while those for εp decrease (Keller
and Morel 1999).
The influence of growth rate on the isotopic
fractionation in alkenones is further supported by
a significant correlation between the calculated b-
values and phosphate concentrations (Fig 5a, R =
0.88). We added our results to the compilation of
Laws et al. (2001) and got a nearly identical rela-
tionship (Fig. 5a). It was reasoned by Bidigare et
al. (1997) that this correlation may be caused by
growth-rate limiting concentrations of micronutri-
ents (e.g. Fe, Zn, Co) rather than by phosphate
concentrations since E. huxleyi has a low phos-
phorus requirement. This interpretation is supported
by the fact that the phosphate concentrations in the
studied areas are much higher than the half–
saturation constant for growth determined for E.
huxleyi (Riegman et al. 2000). In addition, if growth
rate would be limited by phosphate it should follow
Michaelis-Menten saturation kinetics rather than a
linear relationship (Fig. 5a). Consequently, it seems
more reasonable that micronutrients such as iron,
zinc and cobalt are the growth-rate limiting factors
and that the phosphate concentration is closely
related to that of micronutrients (see Bidigare et
al. 1997 for a detailed discussion).
A positive relationship between the b-value and
phosphate concentration could also be simply the
result from a correlation between phosphate and
dissolved CO2 as pointed out by Bidigare et al.
(1997). Indeed, a high correlation is observed be-
tween these two parameters (R = 0.89; Fig. 5b).
Popp et al. (1999) examined the effect of [PO4
3-]
on εp at relatively constant concentrations of dis-
solved CO2 and found a significant correlation. By
contrast, no correlation between [CO2(aq)] and εp
was observed. They thus concluded that the cor-
relation between the b-value and [PO4
3-] is not
caused by the relationship between [CO2(aq)] and
[PO4
3-] in surface waters. This is further supported
by the positive correlation observed here between
εp and 1/[CO2(aq)] in POM and core top sediment
from the South Atlantic (Fig 3a) as well as in POM
from the subantarctic Southern Ocean (Popp et al.
1999). As mentioned above such a correlation is
opposite of what is expected from a [CO2(aq)]
controlled, diffusive uptake model. This strongly
suggests, that the isotopic fractionation in
haptophyte algae is more sensitive to variations of
growth rate and/or growth rate limiting factors (e.g.
Riebesell et al. 2000a; Rost et al. 2002) and micro-
nutrient availability (Bidigare et al. 1997) than to
varying concentration of [CO2(aq)].
Paleo-PCO2 Estimates in the Angola Current
In this section we briefly summarize the results of
earlier paleo-PCO2 reconstructions in the South
Atlantic (Müller et al. 1994; Andersen et al. 1999)
and evaluate them in the light of the above results.
These studies are based on a late Quaternary sedi-
ment core (GeoB1016-3) from the eastern Angola
Basin covering the last 200,000 years (Fig. 6). In
the first study, we used the isotopic composition of
bulk sedimentary organic carbon (δ13Corg), pub-
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Fig. 4. a) Relationship between the isotopic fractionation (εp) of the C37:2 alkenone measured in POM (open circles)
and core top sediments (filled squares), and the annual mean surface water concentration of phosphate (0-10 m) in
the South Atlantic. The lines represent the linear correlation between the two parameters. b) Relationship between
εp and phosphate. Compilation of literature data for POM and data obtained in the present study (POM and
sediments). Stippled lines are for better visualization of the weak correlation observed between εp and phosphate
(R = 0.46; all data n = 145).
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Fig. 5. a) Relationship between b-value and phosphate concentration of data of the present study plus literature
data (Laws et al. 2001). The relationship found is nearly identical with that reported by Laws et al. (2001): b(37:2) = 79
+ 120[PO4
3-]. b) Relationship between dissolved CO2 and surface water phosphate concentration for the whole
data set (present study plus data published in Laws et al. 2001).
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Fig. 6. Reconstructions of paleo-PCO2 in core GeoB1016-3 versus age using carbon isotopic fractionation of C37:2
alkenone (triangles, from Andersen et al. 1999) and bulk organic matter (squares, from Müller et al. 1994). The line
represents atmospheric CO2 concentration recorded in Vostok ice core (Jouzel et al. 1993). The age model of the
marine record is based on foraminiferal δ18O that was tuned to the ice core chronology (for details see Müller et al.
1994).
lished empirical relationships between δ13Corg and
[CO2(aq)], and alkenone-derived ( ´37KU ) tempera-
tures to estimate past PCO2 levels (Müller et al.
1994). The results indicate that the Angola Current
has generally acted as a source region for atmos-
pheric CO2 throughout the last two glacial-intergla-
cial cycles, consistent with the modern situation.
However, the difference between our surface-
water estimate and atmospheric PCO2 (Vostok ice
core, e.g. Jouzel et al. 1993) appeared to be smaller
in glacial periods suggesting a reduced CO2 output
into the atmosphere in periods of lowered sea-sur-
face temperatures and enhanced biological produc-
tivity in this region (Schneider et al. 1996).
In a subsequent study, Andersen et al. (1999)
used a different approach based on the isotopic
composition of the C37:2 alkenone in conjunction
with that of bulk sedimentary nitrogen (δ15N). The
latter was considered as indirect proxy for nutri-
ent-limited growth rates and used to calculate the
growth-rate dependent parameter b in equation 1.
This application was based on the observation that
δ15N in surface sediments from eutrophic regions
is positively correlated with the phosphate concen-
tration in overlying surface waters. For more de-
tails on the methods used in the above two studies
the reader is referred to the original publications.
Figure 6 compares the paleo-PCO2 records
from the Angola Basin to the atmospheric record
of the Vostok ice core. In general, the two oceanic
reconstructions agree quite well and show gener-
ally higher PCO2 values compared to the Vostok
record supporting the initial contention of a perma-
nent source for atmospheric CO2 over the past
200,000 years. However, significantly different
PCO2 levels were obtained for the penultimate gla-
cial, the marine isotope stage 6 (128-186 kyr in Fig.
6). While the PCO2 record derived from bulk
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δ13Corg shows a glacial to interglacial pattern par-
allel to the atmospheric CO2 variations indicated by
the ice core, the biomarker approach yields high
values for glacial stage 6 comparable to the level
observed for interglacials. We have no definite
explanation for this deviation and must consider
several effects.
Reconstructions based on δ13C of bulk organic
matter may suffer from species-specific differ-
ences in isotope fractionation among marine pho-
tosynthetic organisms (e.g. Burkhardt et al. 1999),
shifts in isotope composition of buried organic
matter during degradation, and contamination by
terrestrial organic matter (Jasper and Hayes 1990).
Based on a strong positive relationship between C/
N and δ13Corg values in core GeoB1016-3, Müller
et al. (1994) argued that differing proportions of
marine and terrigenous organic matter can be ruled
out as a cause for the δ13Corg variability in this core.
However, strictly speaking this is only valid for
organic matter derived from C3 plants (e.g.
Meyers 1997). A higher proportion of isotopically
heavier C4 plant material in climatic periods with
increased savannah vegetation (e.g. Partridge et
al. 1999) could have led o generally higher bulk
δ13Corg values resulting in the lower PCO2 esti-
mates obtained for glacial stage 6. A critical review
addressing problems and advantages associated
with the use of bulk sedimentary δ13Corg as tracer
of dissolved carbon dioxide in the surface ocean
was recently presented by Kienast et al. (2001).
The phytoplanktonic organic matter preserved
in marine sediments represents a mixture derived
from various groups, e.g. diatoms, dinoflagellates
and coccolithophorids, which may grow at differ-
ent rates and may show different isotopic signa-
tures. It is well known that rapidly growing diatoms
have 13C-rich isotopic compositions. Fry and
Wainright (1991), for example, reported that dia-
toms in spring blooms were relatively rich in 13C,
while other phytoplankton had 13C-depleted values.
A significant contribution of diatoms or other rap-
idly growing phytoplankters to the bulk sedimen-
tary organic matter deposited during glacial stage
6 could therefore also explain the different PCO2
levels obtained by the bulk Corg and alkenone meth-
ods. Such an interpretation is also compatible with
recent sediment trap results from the Southern
Ocean which show a coupling of δ13Corg with the
flux of opal and that of δ13Calkenones with the car-
bonate flux (S. Schulte, unpublished results).
In principle, the isotopic composition of
alkenones is a less ambiguous proxy parameter for
surface-water CO2 than bulk δ13Corg because
alkenones are synthesized by a limited number of
haptophytes only. However, their isotopic compo-
sition is also influenced by more than one factor as
demonstrated above by the POM and core-top
results. In the modern South Atlantic, the isotopic
fractionation of the C37:2 alkenone appears to be
mainly influenced by growth rate rather than CO2.
Variations in growth rate must therefore also be
taken into account in paleoceanographic studies.
There is indeed evidence for significant variations
in paleoproductivity and, by inference, growth rate
at site GeoB1016-3 (Schneider et al. 1996;
Andersen et al. 1999). As described above, the in-
fluence of the growth rate on the isotopic frac-
tionation of alkenones is included in the b-value
(see equation 1) which may be derived from bulk
sedimentary δ15N values, at least in eutrophic re-
gions (Andersen et al. 1999). However, δ15N is also
not unambiguous because a variety of environmen-
tal processes, independent from nutrient-growth
rate relationships, can influence the nitrogen cycle
and the isotopic signal in the sediments (e.g. min-
eralization, nitrification, denitrification, diagenesis;
Altabet et al. 1999).
More reliable reconstructions of past dissolved
CO2 concentration and partial pressure in the sur-
face ocean could be obtained if an independent
proxy for variations in algal growth rate would be
available. The Cd/Ca and δ13C ratios of planktonic
foraminifera have been suggested as nutrient prox-
ies and useful indirect parameters to constrain the
effects of growth rate on the isotopic composition
of alkenones (e.g. Popp et al. 1999). However, the
δ13C of planktonic foraminiferal calcite is also con-
trolled by a variety of other factors which compli-
cates its interpretation as a proxy for dissolved
phosphate (e.g. Spero et al. 1997; Bijma et al.
1999). Although benthic foraminiferal Cd/Ca ratios
have proven useful as nutrient proxy in deep wa-
ters, the planktonic Cd/Ca ratio is no genuine al-
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ternative for surface waters because the incorpo-
ration of Cd into foraminiferal calcite is tempera-
ture sensitive (Rickaby and Elderfield 1999).
Recently it has been suggested that the Sr/Ca
ratio in coccoliths is mainly controlled by growth
and calcification rates, although temperature also
exerts some influence on this ratio (Stoll and Schrag
2000; Rickaby et al. 2002; Stoll et al. 2002). Sr/Ca
measurements on coccoliths thus provide a prom-
ising alternative to constrain the effect of growth
rate on the isotopic fractionation during photosyn-
thesis. In combination with the δ13C of alkenones,
this would permit more reliable estimations of
[CO2(aq)] and PCO2 in ancient oceanic surface
waters.
topic fractionation in coccolithophorid organic mat-
ter may permit more reliable calculations of past
dissolved CO2 in the surface ocean.
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The alkenone εp record in POM and surface sedi-
ments of the South Atlantic Ocean was compared
with overlying surface-water concentrations of
phosphate and dissolved carbon dioxide. The re-
sults demonstrate that regardless of the εp-control-
ling mechanism, the observed changes in the car-
bon isotopic composition of alkenones are linked to
variations in phosphate concentrations rather than
to [CO2(aq)]. Although an unambiguous evidence
for a specific mechanism cannot be presented at
the moment, the relationship between εp and [PO43]
found in our South Atlantic field studies suggest, in
agreement with the theory of Bidigare et al. (1997),
that a strong relationship exists between isotopic
fractionation in haptophytes and nutrient-limited
growth rate. Furthermore, the fact that the sedi-
ment data fit excellently with the water column data
clearly indicates that the isotopic record of sedimen-
tary alkenones reflects surface water conditions.
Estimates of ancient dissolved CO2 concentra-
tions based on compound specific δ13C-values must
consider the effect of changing growth rates of
certain algae species which determine the CO2
concentration gradient between ambient water and
the phytoplanktonic cell. The bulk sediment δ15N
signal may be useful in some restricted areas of the
ocean (e.g. the eastern Atlantic Ocean) as a paleo
proxy for the b-value. The Sr/Ca-ratio in cocco-
lithophorids might provide an independent record
of past changes in coccolithophorid growth rates,
which in combination with data on the carbon iso-
References
Andersen N, Müller PJ, Kirst G, Schneider RR (1999)
Alkenone δ13C as a proxy for past PCO2 in surface
waters: Results from the Late Quaternary Angola
current. In: Fischer G, Wefer G (eds) Use of Proxies
in Paleoceanography: Examples from the South At-
lantic. Springer, Berlin, pp 469-488
Altabet MA, Pilskahn C, Thunell R, Pride C, Sigman D,
Chavez F, Francois R (1999) The nitrogen isotope
biogeochemistry of sinking particles from the mar-
gin of the Eastern North Pacific. Deep-Sea Res 46:
655-679
Arthur MA, Dean WE, Claypool GE (1985) Anomalous
C-13 enrichment in modern marine organic carbon.
Nature 315: 216-218
Bentaleb I, Fontugne M, Descolas-Gros C, Girardin C,
Mariotti A, Pierre C, Brunet C, Poisson A (1996) Or-
ganic carbon isotopic composition of phytoplankton
and sea-surface pCO2 reconstructions in the South-
ern Indian Ocean during the last 50,000 yr. Organic
Geochem 24: 399-410
Bentaleb I, Fontugne M, Descolas-Gros C, Girardin C,
Mariotti A, Pierre C, Brunet C, Poisson A (1998) Car-
bon isotopic fractionation by plankton in the South-
ern Indian Ocean: Relationship between δ13C of
particulate organic carbon and dissolved carbon
dioxide. J Mar Sys 17: 39-58
Benthien A, Müller PJ (2000) Anomalously low alkenone
temperatures caused by lateral particle and sediment
transport in the Malvinas Current region, western
Stable Carbon Isotopic Composition on the C37:2 Alkenone 209
Argentine Basin. Deep-Sea Res 47: 2369-2393
Benthien A, Andersen N, Schulte S, Müller PJ, Schnei-
der RR, Wefer G (2002) Carbon isotopic composition
of the C37:2 alkenone in core-top sediments of the
South Atlantic Ocean: Effects of CO2 and nutrient
concentrations. Glob Biogeochem Cycl 16: 1012: doi
10.1029/2001GB001433
Bidigare RR, Flügge A, Freeman KH, Hanson KL, Hayes
JM, Hollander D, Jasper JP, King LL, Laws EA,
Milder J, Millero FJ, Pancost R, Popp BN, Steinberg
PA, Wakeham SG (1997) Consistent fractionation of
13C in nature and in the laboratory: Growth-rate ef-
fects in some haptophyte algae. Glob Biogeochem
Cycl 11: 279-292
Bidigare RR, Flügge A, Freeman KH, Hanson KL, Hayes
JM, Hollander D, Jasper JP, King LL, Laws EA,
Milder J, Millero FJ, Pancost R, Popp BN, Steinberg
PA, Wakeham SG (1999) Correction to "Consistent
fractionation of 13C in nature and in the laboratory:
Growth-rate effects in some haptophyte algae". Glob
Biogeochem Cycl 13: 251-252
Bijma J, Spero HJ, Lea DW (1999) Reassessing fora-
miniferal stable isotope geochemistry: Impact of the
oceanic carbonate system (experimental results). In:
Fischer G, Wefer G (eds) Use of Proxies in Paleocea-
nography: Examples from the South Atlantic.
Springer, Berlin, pp 489-512
Burkhardt S, Riebesell U, Zondervan I (1999) Effects of
growth rate, CO2 concentration, and cell size on the
stable carbon isotope fractionation in marine phyto-
plankton. Geochim Cosmochim Acta 63: 3729-3741
Burns BD, Beardall J (1987) Utilization of inorganic car-
bon by marine microalgae. J Experiment Mar Biol Ecol
107: 75-86
Conkright ME, Levitus S, Boyer TP (1994) World Ocean
Atlas 1994 Vol. 1: Nutrients, NOOA Atlas NESDIS 1.
US Government Printing Office
Conte MH, Thompson A, Eglinton G, Green JC (1995)
Lipid biomarker diversity in the coccolithophorid
Emiliania huxleyi (Prymnesiophycae) and the re-
lated species Gephyrocapsa oceanica. J Phycol 31:
272-282
Crowley TJ (2000) Causes of climate change over the
past 1000 years. Science 289: 270-277
Curry WB, Crowley TJ (1987) The δ13C of equatorial
Atlantic surface waters: Implications for ice age pCO2
levels. Paleoceanography 2: 489-517
Davies JC (1986) Statistics and Data Analysis in Geol-
ogy. J Wiley & Sons, New York, 646 p
Degens ET, Behrendt M, Gotthardt B, Reppmann E (1968)
Metabolic fractionation of carbon isotopes in ma-
rine plankton – II. Data on samples collected off the
coasts of Peru and Ecuador. Deep-Sea Res 15: 11-20
Eek MK, Whiticar MJ, Bishop JKB, Wong CS (1999)
Influence of nutrients on carbon isotope fractiona-
tion by natural populations of Prymnesiophyte al-
gae in NE Pacific. Deep-Sea Res II 46: 2863-2876
Fairbanks RG, Sverdlove M, Free R, Wiebe PH, Bé AWE
(1982) Vertical distribution and isotopic fractionation
of living planktonic foraminifera from the Panama
basin. Nature 298: 841-844
Feely RA, Sabine CL, Takahashi T, Wannikhof R (2001)
Uptake and storage of carbon dioxide in the ocean:
The global CO2 survey. Oceanography 14: 18-32
Fischer G, Schneider R, Müller PJ, Wefer G (1997) An-
thropogenic CO2 in Southern Ocean surface waters:
Evidence from stable organic carbon isotopes. Terra
Nova 9: 153-157
Fischer G, Müller PJ, Wefer G (1998) Latitudinal δ13Corg
variations in sinking matter and sediments from the
South Atlantic: Effects of anthropogenic CO2 and
implications for paleo-PCO2 reconstructions. J Mar
Sys 17: 471-495
Fontugne MR, Calvert SE (1992) Late Pleistocene vari-
ability of the carbon isotopic composition of organic
matter in the eastern Mediterranean: Monitor of
changes in carbon sources and atmospheric CO2
concentrations. Paleoceanography 7: 1-20
Francois R, Altabet MA, Goericke R, McCorkle DC,
Brunet C, Poisson A (1993) Changes in the δ13C of
surface water particulate organic matter across the
subtropical convergence in the SW Indian Ocean.
Glob Biogeochem Cycl 7: 627-644
Freeman K, Hayes JM (1992) Fractionation of carbon
isotopes by phytoplankton and estimates of ancient
CO2 levels. Glob Biogeochem Cycl 6: 185-198
Fry B, Wainright SC (1991) Diatom sources of 13C-rich
carbon in marine food webs. Mar Ecol Prog Ser 76:
149-157
Gervais F, Riebesell U (2001) Effect of phosphorus limi-
tation on elemental composition and stable carbon
isotope fractionation in a marine diatom growing
under different CO2 concentrations. Limnol
Oceanogr 46: 497-504
Gonzáles EL, Riebesell U, Hayes JM, Laws EA (2001)
Effects of biosynthesis and physiology on relative
abundances and isotopic compositions of alke-
nones. Geochem Geophys Geosyst 2: doi 2000GC
000052
Groupe CITHER 1 (1994) Recueil des données, cam-
pagne CITHER 1, NO L'Atalante (2 janvier-19 mars
1993). Volume 1 : Mesures «en route» - Cou-ranto-
métrie ADCO et Pegasus, Documents Scientifiques,
OP 14, 161 pp, Centre ORSTOM, Cayenne
210 Schulte et al.
Jasper JP, Hayes JM (1990) A carbon isotope record of
CO2 levels during the late Quaternary. Nature 347:
462-464
Jasper JP, Hayes JM, Mix AC, Prahl FG (1994) Photo-
synthetic fractionation of 13C and concentrations of
dissolved CO2 in the central equatorial Pacific dur-
ing the last 255,000 years. Paleoceanography 9: 781-
798
Johnson KM, Wallace DWR, Wilke RJ, Goyet C (1995)
Carbon dioxide, hydrographic, and chemical data
obtained during RV Meteor cruise 15/3 in the South
Atlantic Ocean (WOCE Section A9, Feburary-March
1991), ORNL/CDIAC-82, NDP-051, Carbon Dioxide
Information Analysis Centre, Oak Ridge National
Laboratory, Oak Ridge, Tennessee
Johnson KM, Schneider B, Mintrop L, Wallace DWR,
Kozyr A (1998) Carbon dioxide, hydrographic, and
chemical data obtained during RV Meteor cruise 22/
5 in the South Atlantic Ocean (WOCE Section A10,
December 1992, January 1993), ORNL/CDIAC-113,
NDP-066, Carbon Dioxide Information Analysis Cen-
tre, Oak Ridge National Laboratory, Oak Ridge, Ten-
nessee
Jouzel J, Barkov NI, Barnola JM, Bender M, Chappelaz
J, Genthon C, Kotlyakov VM, Lipenkov V, Lorius C,
Petit JR, Raynaud D, Raisbeck G, Ritz C, Sowers T,
Stievenard M, Yiou F, Yiou P (1993) Extending the
Vostok ice-core record of paleoclimate to the penul-
timate glacial record. Nature 364: 407-412
Keller K, Morel FMM (1999) A model of carbon isotopic
fractionation and active carbon uptake in phyto-
plankton. Mar Ecol Prog Ser 182: 295-298
Kienast M, Calvert SE, Pelejero C, Grimalt JO (2001) A
critical review of marine sedimentary δ13Corg-pCO2
estimates: New paleorecords from the South China
Sea and a revisit of lower-latitude δ13Corg-pCO2
records. Glob Biogeochem Cycl 15: 113-127
Kroopnick PM (1985) The distribution of 13C of CO2 in
the world oceans. Deep-Sea Res 32: 57-84
Laws EA, Thompson PA, Popp BN, Bidigare RR (1997)
Effect of growth rate and CO2 concentration on car-
bon isotopic fractionation by the marine diatom
Phaeodactylum tricornutum. Limnol Oceanogr 42:
1552-1560
Laws EA, Popp BN, Bidigare RR, Riebesell U, Burkhardt
S, Wakeham SG (2001) Controls on the molecular
distribution and carbon isotopic composition of
alkenones in certain haptophyte algae. Geochem
Geophys Geosyst 2: doi 2000GC000057
Lee K, Millero FJ, Wanninkof R (1997) The carbon diox-
ide system in the Atlantic Ocean. J Geophys Res 102
(C7): 15693-15707
Longhurst A (1993) Seasonal cooling and blooming in
tropical oceans. Deep-Sea Res 40: 2145-2165
Meyers PA (1997) Organic geochemical proxies of pale-
oceanographic, paleolimnologic, and paleoclimatic
processes. Organic Geochem 27: 213-250
Mook WG, Bommerson JC, Staverman WH (1974) Car-
bon isotope fractionation between dissolved bicar-
bonate and gaseous dioxide. Earth Planet Sci Lett 2:
169-176
Morel A, Berthon JF (1989) Surface pigments, algal
biomass profiles, and potential production of the
euphotic layer: Relationships reinvestigated in view
of remote-sensing applications. Limnol Oceanogr 34:
1545-1562
Müller PJ, Schneider RR, Ruhland G (1994) Late Quater-
nary PCO2 variations in the Angola current: evidence
from organic carbon δ13C and alkenone temperatures.
In: Zahn R,  Pedersen TF, Kaminski MA, Labeyrie L
(eds) Carbon Cycling in the Glacial Ocean: Con-
strains on the Ocean's Role in Global Change. NATO
ASI Series I 17, Springer, Berlin, pp 343-366
Müller PJ, Kirst G, Ruhland G, von Stroch I, Rosell-Melé
A (1998) Calibration of the alkenone paleotempera-
ture index  based on core tops from the eastern South
Atlantic and the global ocean (60°N-60°S). Geochim
Cosmochim Acta 62: 1757-1772
Müller PJ, Fischer G (2001) A 4-year sediment trap record
of alkenones from the filamentous upwelling region
off Cape Blanc, NW Africa and a comparison with
distributions in underlying sediments. Deep-Sea Res
48: 1877-1903
Pagani M, Arthur MA, Freeman KH (1999) Miocene
evolution of atmospheric carbon dioxide.
Paleoceanography 14: 273-292
Partridge TC, Scott L, Hamilton JE (1999) Synthetic re-
constructions of southern African environments
during the Last Glacial Maximum (21-18 kyr) and the
Holocene altithermal (8-6 kyr). Quat Int 57/58: 207-
214
Petit JR, Jouzel J, Raynaud D, Barkov NI, Barnola J-M,
Basile I, Bender M, Chappellaz J, Davis M, Delaygue
G, Delmotte M, Kotlyakov VM, Legrand M, Lipenkov
VY, Lorius C, Pépin L, Ritz C, Saltzmann, Stievenard
M (1999) Climate and atmospheric history of the past
420,000 years from the Vostok ice core, Antarctica.
Nature 399: 429-436
Popp BN, Takigiku R, Hayes JM, Louda JW, Baker EW
(1989) The post-Paleozoic chronology and mecha-
nism of 13C depletion in primary marine organic mat-
ter. J Ameri Sci 289: 436-454
Popp BN, Laws EA, Bidigare RR, Dore JE, Hanson KL,
Wakeham SG (1998) Effect of phytoplankton cell
Stable Carbon Isotopic Composition on the C37:2 Alkenone 211
geometry on carbon isotopic fractionation. Geochim
Cosmochim Acta 62: 69-77
Popp BN, Hanson KL, Dore JE, Bidigare RR, Laws EA,
Wakeham SG (1999) Controls on the carbon isotopic
composition of phytoplankton. In: Abrantes F, Mix
AC (eds) Reconstructing Ocean History: A Window
into the Future. Kluwer Academics/Plenum Publish-
ers, New York, pp 381-398
Prahl FG, Muehlhausen LA, Zahnle DL (1988) Further
evaluation of long-chain alkenones as indicators of
paleoceanographic conditions. Geochim Cosmochim
Acta 52: 2303-2310
Rau GH, Takahashi T, DesMarais DJ (1989) Latitudinal
variations in plankton δ13C: implications for CO2 and
productivity in past oceans. Nature 341: 516-518
Rau GH, Takahashi T, DesMarais DJ, Repeta DJ, Martin
JH (1992) The relationship between the δ13C of or-
ganic matter and ce in ocean surface water: Data from
a JGOFS site in the northeast Atlantic Ocean and a
model. Geochim Cosmochim Acta 56: 1413-1419
Rau GH (1994) Variations in sedimentary organic carbon
δ13C as a proxy for past changes in ocean and at-
mospheric CO2 concentrations. In: Zahn R,
Pedersen TF, Kaminski MA, Labeyrie L (eds) Carbon
Cycling in the Glacial Ocean: Constrains on the
Ocean's Role in Global Change. NATO ASI Series I
17, Springer, Berlin,  pp 307-321
Rau GH, Riebesell U, Wolf-Gladrow D (1996) A model of
photosynthetic 13C fractionation by marine phyto-
plankton based on diffusive molecular CO2 uptake.
Mar Ecol Prog Ser 133: 275-285
Rickaby REM, Elderfield H (1999) Planktonic Cd/Ca:
Paleonutrients or Paleotemperature? Paleoceano-
graphy 14: 293-303
Rickaby REM, Schrag DP, Zondervan I, Riebesell U
(2002) Growth rate dependence of Sr incorporation
during calcification of Emiliania huyleyi. Glob
Biogeochem Cycl 16: doi 10.1029/2001GB001408
Riebesell U, Burkhardt S, Dauelsberg A, Kroon B (2000a)
Carbon isotope fractionation by a marine diatom:
Dependence on the growth rate limiting resource.
Mar Ecol Prog Ser 193: 295-303
Riebesell U, Revill AT, Holdsworth DG, Volkman JK
(2000b) The effects of varying CO2 concentration on
lipid composition and carbon isotope fractionation
in Emiliania huxleyi. Geochim Cosmochim Acta 64:
4179-4192
Riegman R, Stolte W, Noordeloos AAM, Slezak D (2000)
Nutrient uptake and alkaline phosphatase (EC
3:1:3:1) activity of Emiliania huxleyi (Prymnesio-
phyceae) during growth under N and P limitation in
continuous cultures. J Phycol 36: 87-96
Rost B, Zondervan I, Riebesell U (2003) Light-depend-
ent carbon isotope fractionation in the cocco-
lithophorid Emiliania huxleyi. Limnol Oceanogr, in
press
Schneider RR, Müller PJ, Ruhland G (1995) Late Quater-
nary surface circulation in the east equatorial south
Atlantic: Evidence from alkenone sea-surface tem-
peratures. Paleoceanography 10: 197-219
Schneider RR, Müller PJ, Meinecke G, Schmidt H, Wefer
G (1996) Late Quaternary surface temperatures and
productivity in the east-equatorial South Atlantic:
Response to changes in trade/monsoon wind forc-
ing and surface water advection. In: Wefer G, Berger
WH, Siedler G, Webb DJ (eds) The South Atlantic:
Present and Past Circulation. Springer, Berlin, pp 527-
551
Spero H, Bijma J, Lea DW, Bemis BE (1997) Effect of
seawater carbonate concentration on foraminiferal
carbon and oxygen isotopes. Nature 390: 497-500
Stoll HM, Schrag DP (2000) Coccolith Sr/Ca as a new
indicator of coccolithophorid calcification and growth
rate. Geochem Geophys Geosyst 1: doi 1999 GC000015
Stoll HM, Rosenthal Y, Falkowski P (2002) Climate prox-
ies from Sr/Ca of coccolith calcite: Calibrations from
continuous culture of Emiliania huxleyi. Geochim
Cosmochim Acta 66: 927-936
Stouffer RJ, Manabe S, Vinnikov KY (1994) Model as-
sessment of the role of natural variability in recent
global warming. Nature 367: 634-636
Takahashi T, Tans PP, Fung I (1992) Balancing the
budget – carbon dioxide sources and sinks, and ef-
fects of the industry. Oceanus 35: 18-28
Tans PP, Fung IY, Takahashi T (1990) Observational
constrains on the global atmospheric CO2 budget.
Science 247: 1431-1438
Volkman JK, Eglinton G, Corner EDS, Sargent JR (1989)
Novel unsaturated straight-chain methyl and ethyl
ketones in marine sediments and a coccolthophore
Emiliania huxleyi. In: Douglas AG and Maxwell JR
(eds) Advances in Organic Geochemistry. Pergamon,
New York, pp 219-227
Volkman JK, Barrett SM, Blackburn SI, Sikes EL (1995)
Alkenones in Gephyrocapsa oceanica: Implications
for studies of paleoclimate. Geochim Cosmochim
Acta 59: 513-520
Weiss RF, van Woy FA, Salameh PK (1992) Surface water
and atmospheric carbon dioxide and nitrous oxide
observations by shipboard automated gas chroma-
tography: Results from expeditions between 1977
and 1999. Scripps Institution of Oceanography Ref-
erence, SIO 92-11, 124pp, University of California,
San Diego
